DNA double-strand breaks represent the most potentially serious damage to a genome and hence, at least two pathways of DNA repair have evolved; namely, homologous recombination repair and non-homologous end joining. Defects in both rejoining processes result in genomic instability including chromosome rearrangements, LOH and gene mutations, which may lead to development of malignancies. Nijmegen breakage syndrome is a recessive genetic disorder, characterized by elevated sensitivity to ionizing radiation that induces double-strand breaks, and high frequency of malignancies. NBS1, the product of the gene underlying the disease, forms a multimeric complex with hMRE11/ hRAD50 nuclease and recruits them to the vicinity of sites of DNA damage by direct binding to phosphorylated histone H2AX. The combination of the highlyconserved NBS1 forkhead associated domain and BRCA1 C-terminus domain has a crucial role for recognition of damaged sites. Thereafter, the NBS1-complex proceeds to rejoin double-strand breaks predominantly by homologous recombination repair in vertebrates. This process collaborates with cell-cycle checkpoints at S and G2 phase to facilitate DNA repair. NBS1 is also associated with telomere maintenance and DNA replication. Based on recent knowledge regarding NBS1, we propose here a two-step binding mechanism for damage recognition by repair proteins, and describe the molecular links to factors for genome stability.
Introduction
Genome integrity is maintained by dynamic responses to DNA damage, in which damage sensory, cell-cycle arrest and repair factors are involved. Among the variety of possible DNA-damaging events, DNA double-strand breaks (DSBs) are the most serious of all. They are generated accidentally during DNA replication (Franchitto and Pichierri, 2002; Ward and Chen, 2001) , or intentionally by V(D)J recombination (Chen et al., 2000) and in the course of meiotic recombination (Mahadevaiah et al., 2001) . As an external agent, ionizing radiation also efficiently induces DSBs and hence, can cause severe detrimental effects in organisms. In humans, we can observe the potency of exposure to a radiation dose of 4 Gy, sufficient energy to increase body temperature by only 1/10008C, but which produces approximately 200 DSBs in individual cells and results in death to a half of people exposed (Hall, 1978) . Basically, one DSB generated in a cell, if not successfully rejoined, can potentially result in cellular lethality. Hence, eukaryotes have evolved multiple pathways to rejoin DSBs (Dasika et al., 1999; Ferguson and Alt, 2001 ). In nonhomologous end joining (NHEJ), DSBs are directly, or after processing the DNA ends, rejoined at an appropriate chromosomal end and this is believed to be a dominant process in higher eukaryotes, most probably for preventing the incidental loss of large amounts of genomic DNA. On the other hand, homologous recombination (HR) repair, a process highly conserved from bacteria to humans, produces single-stranded DNA (ssDNA) at DSB ends by resection of DNA 5' to the lesion, facilitating strand invasion of the homologous region of a sister chromatid. This chromatid is then able to serve as a template for reconstruction of the damaged site by DNA synthesis. HR repair is specific for cells at S phase and G2 phase, while NHEJ occurs throughout the cell cycle (Takata et al., 1998) . Defects in these DNA repair processes could induce chromosome instability (Ferguson and Alt, 2001) ; namely, NHEJ can result in deletion mutations associated with the loss of nucleotides after processing of DNA ends, as is often observed in radiation-induced mutations, and also induces translocation of chromosomes, when two DSBs cannot be rejoined at the proper chromosomes. HR repair induces LOH when homologous chromosomes are copied by DNA synthesis, and can also give rise to reciprocal translocation by invasion of ssDNA to the incorrect chromosome. These rejoining processes must be coordinated with cell-cycle checkpoints to facilitate DNA repair and hence, dysfunction of checkpoints could interrupt the damage-reconstruction processes, leading to error-prone repair. Moreover, since the extremities of telomeres possess DSB-like structures, abnormal telomeres similarly activate checkpoint regulatory proteins, such as p53, and induce genomic instability including telomeric fusion .
Nijmegen breakage syndrome (NBS) is a recessive genetic disorder, characterized by immunodeficiency and high frequency of malignancies. Cells from NBS patients show high sensitivity to ionizing radiation, chromosome instability, accelerated shortening of telomeres and abnormal cell-cycle checkpoints (The International Nijmegen Breakage Syndrome Study Group, 2000; D'Amours and Jackson, 2002) . The underlying gene, NBS1, cloned in 1998, shows sequence homology with the yeast telomere and DNA repair protein, Xrs2, which forms a complex with yeast Mre11/Rad50 nuclease. Similarly, human NBS1 forms a complex with hMRE11/hRAD50 (N/M/R complex), and recruits them to sites of DSBs. Recent knowledge on g-H2AX (phosphorylated form of H2AX) provides clues for how DSBs in cells are correctly recognized by NBS1 . H2AX is phosphorylated by ATM in response to radiation Modesti and Kanaar, 2001 ) and hence, ATM regulates this recruitment of the N/M/R complex through interaction of NBS1 with g-H2AX. Moreover, NBS1 is involved in signal transduction for cell-cycle checkpoints as a substrate of ATM kinase and, when this mechanism is defective, induces impaired G2 checkpoint control and also allows continued DNA synthesis in the presence of DSBs, so-called radioresistant DNA synthesis (RDS) (Petrini, 2000) . These might be a reason underlying why NBS (mutated in NBS1), Ataxia-telangiectasia (AT) (mutated in ATM) (Shiloh, 1997) and AT like disorder (ATLD) (mutated in hMRE11) (Stewart et al., 1999) show the same cellular features, whereas the clinical symptoms are different. Lymphocytes from patients with NBS display frequent chromosome aberrations at the sites of T-cell receptor (TCR) or immunoglobulin heavy-chain (IgH) rearrangement, where V(D)J recombination spontaneously induces DSBs (Biedermann et al., 1991; Komatsu et al., 1995) . The malignant manifestation of NBS is mainly B-cell lymphomas, in which DSBs are produced by V(D)J recombination and hence, NBS is a good model for understanding the mechanism of DSBderived tumorigenesis. Here, we show that NBS1 is linked to several factors of genomic stability, such as DNA repair, cell-cycle checkpoints, DNA replication and telomere maintenance.
Clinical symptoms of NBS and related disease Weemaes et al. (1981) first described two patients with NBS in a consanguineous Dutch family. After the first clinical recognition of the disorder, NBS sufferers appeared to be prevalent among eastern and central European populations, particularly in Poland, and at least 90 patients have been included in the International NBS Registry (INR). The incidence of NBS heterozygotes is estimated 1/177 in Polish, Czech and Ukrainian groups (Varon et al., 2000) . Patients with NBS have early and proportional growth retardation, and progressive and severe microcephaly after the first months of life (Table 1 ). All patients have distinctive 'bird-like' facial features, characterized by a receding forehead, a prominent mid face with a long nose and a receding mandible, all of which become more pronounced with age. Other common symptoms include cafe´-au-lait spots, and sun-sensitivity of the eyelids. About half of the patients have malformations such as clinodactyly, and syndactyly, and less common anomalies include anal atresia, hydronephrosis, and hip dysplasia. Few data are available regarding sexual maturation, but five patients were found to have ovarian dysgenesis. Patients have profound immunodeficiency involving both the cellular and the humoral systems. The most common defects are IgG and IgA deficiency, reduced percentages of total CD3+ and CD4+ cells, and a decreased CD4+/CD8+ ratio. The response of lymphocytes to mitogens such as phytohemagglutinin (PHA) is decreased in nearly all patients. As a consequence, respiratory and urinary tract infection occurs repeatedly. Patients also have a very high risk of cancer. So far, 22 of 55 INR patients (age range 1 to 22 years) have developed a malignancy. Of these, 16 developed lymphomas and the remaining six have leukemia, glioma, medulloblastoma, or rhabdomyosarcoma (The International Nijmegen Breakage Syndrome Study Group, 2000) . Mitogen-stimulated T cells from NBS patients show chromosome instability, such as spontaneous chromosomal breaks, gaps, or rearrangements. Most of the rearrangements preferentially involve chromosomes 7 and 14, with breakpoints at the sites of immunogloburin or TCR genes. Cells from NBS patients demonstrate spontaneous chromosomal instability and hypersensitivity to irradiation, characteristics similar to those of AT. Therefore, NBS was initially thought to be a clinical variant of AT (Table 1) . However, the detailed clinical features are quite different since patients with NBS do not show elevation of a-fetoprotein, cerebellar ataxia, or telangiectasia but do have microcephaly and growth retardation. The NBS1 gene was mapped to 8q21-24 by functional complementation assays using microcellmediated chromosome transfer (Komatsu et al., 1996; Matsuura et al., 1997) . The gene was independently mapped to a 1.1-cM interval surrounding marker D8S1811 (Saar et al., 1997; Cerosaletty et al., 1998) and from this candidate region the NBS1 gene was identified (Matsuura et al., 1998a; Carney et al., 1998; Varon et al., 1998) . A protein-truncating 5-bp NBS1 deletion, 657del5, has been found in most NBS families (more than 80%) with Slavic origins, demonstrating the presence of a common founder effect. Hernandez et al. (1993) reported two cousins, a 25-year-old woman and a 20-year-old man, in a consanguineous family, who had many clinical features of AT, especially progressive cerebellar degeneration (Table 1) . Cells from both patients showed radiosensitivity and chromosome instability, such as translocations including t(7;14)(p15;q32) and t(7;14)(q35;q11) seen in AT patients. Linkage studies and haplotype analysis showed no clear evidence that the underlying gene in this family is located on 11q22-q23 (which harbors the ATM gene), suggesting another locus not linked to ATM. Klein et al. (1996) reported two brothers in another unrelated family, whose clinical features were consistent with AT. The two patients showed an increased level of chromosome translocations and increased chromosomal radiosensitivity intermediate to that seen in AT and normal cells. However, no mutations were found in the ATM gene. The disorder was then designated ATLD, for AT-like disorder. Since there is a similarity between NBS and AT at the cellular level, Stewart et al. (1999) examined the status of the components of the N/M/R complex, and found total loss of full-length hMRE11 protein and a marked decrease in the levels of hRAD50 and NBS1 proteins in ATLD cells. Mutations were, however, identified in the hMRE11 gene. Consistent with the clinical outcome of these mutations, ATLD cells exhibited many of the features characteristic of both AT and NBS, including chromosomal instability, increased sensitivity to ionizing radiation, and radioresistant DNA synthesis. Since the hMRE11 gene maps to 11q21, and the ATM gene is located at 11q23, they concluded that only a very detailed linkage analysis would separate ATLD from AT purely on the basis of genetic data.
Cellular features of NBS
Cells derived from NBS patients exhibit pleiotropic phenotypes, such as frequent chromosome aberrations, hyper-sensitivity to ionizing radiation, impaired cellcycle checkpoints (Shiloh, 1997) , decreased homologous recombination and accelerated shortening of telomeres. The components of the NBS complex and ATM share common cellular features (Table 1) .
Translocations or rearrangements in NBS lymphocytes are often found on chromosomes at TCR loci including 7p13, 7q35, 14q11 and 14q32, at the same chromosomal bands as found in AT lymphocytes (van der Burgt et al., 1996; Shiloh, 1997) . Among these, Inv(7)(p13q35) is the most frequently detected aberra- (14) is an uncommon aberration observed in NBS patients, while it is seen rather frequently in AT. Other predominant chromosomal aberrations include t(7;14)(p13;q11), t(7;14)(q35;q11), t(7;7)(p13;q35) and t(14;14)(q11;q32). Statistical analysis of cytogenetic studies revealed that the incidence of spontaneous rearrangements at chromosomes 7 and 14 is significantly higher in NBS than in AT lymphocytes. When lymphocytes are irradiated, the incidence of chromosome aberrations is 2.5 -4-fold higher in NBS than in normal cells. Radiation-induced chromosomal breaks are also frequently observed in NBS fibroblasts. Similar to that observed in AT cells, these breaks are restricted to chromatid type (van der Burgt et al., 1996) , suggesting defects in repair of DSBs during S phase.
Increased sensitivity of NBS fibroblast cells to ionizing radiation has been established by measuring their colony forming ability. When compared with mean lethal dose Do (dose sufficient to kill 63% of cells), Do is 1.5 -1.7 Gy in normal cells and 0.56 Gy in NBS cells (Komatsu et al., 1993) . This corresponds to a 10 -50-fold higher sensitivity in NBS cells than in normal cells after exposure to 5 Gy, and the radiation sensitivity of NBS cells is indistinguishable from those of AT cells. On the other hand, radiosensitivity of NBS heterozygotes has not been confirmed, although many efforts have been made. Recently, FISH analysis showed moderately but significantly increased radiosensitivity in terms of chromosome aberrations in lymphoblastoid cells from NBS heterozygotes (Neubauer et al., 2002) .
NBS cells also exhibit abnormal cell-cycle regulation after irradiation, while this abnormality is partial in nature. NBS cells failed to suppress their DNA synthesis after irradiation (i.e. RDS), implying some defect in intra-S phase checkpoints. Because it is a characteristic feature of AT and NBS cells, RDS was initially used to classify AT and NBS to each genetic complementation group. However, all cases of AT were found to be caused by mutations of a single gene, ATM, (Shiloh, 1997) and two putative variants of NBS were found to be caused by mutation of the NBS1 gene (Matsuura et al., 1998a) . Studies using hybrid (NBS cells6Normal cells) showed the inadequacy of using RDS as an endpoint in complementation studies (Kraakman-van der Zwet et al., 2001) , possibly because there are two parallel intra-S phase checkpoint pathways and NBS1 is involved in only one pathway. This inadequacy is also observed in AT hybrid cells (AT cells6normal cells) (Komatsu et al., 1989) . In addition to the defect in intra-S phase checkpoint control, disruption to G2 and G1 checkpoints after irradiation is also observed in NBS cells (Shiloh, 1997; Ito et al., 1999; Buscemi et al., 2001; Girard et al., 2002) .
Animal model
Although many efforts to develop an Nbs1-null mouse have been made following the identification and cloning of the NBS1 gene, those attempts failed due to embryonic lethality of the Nbs1-null phenotype (Zhu et al., 2001) . This is consistent with the fact that null mutations of hMre11 or hRad50, components of the N/M/R complex, cause cellular lethality . It is noteworthy that Nbs1-null mice underwent embryonic death before 3.5 days gestation, and also that murine embryonic fibroblasts (MEF) failed to culture in vitro, while mice weakly expressing an Nbs1 C-terminus construct survived to 7.5 days of gestation, and the MEF proliferated in in vitro culture (unpublished data). This was confirmed when only the N-terminal region of Nbs1 was disrupted and the C-terminus of Nbs1 was expressed Kang et al., 2002) . These Nbs1DB/DB mice are viable and exhibit many identical phenotypes characteristic of NBS patients, i.e., the MEF cells are sensitive to radiation, defective in the intra-S phase checkpoint, and exhibit a high frequency of chromosomal aberrations. However, some features, such as malignancy, fertility, and expressed immunoglobulin isotypes, are much less severe than those in NBS patients . This N-terminal deleted Nbs1 mouse could be a valuable model of NBS, because NBS patients also express a truncated Cterminal NBS1 protein (Maser et al., 2001a) . It is notable that Nbs1-disrupted chicken DT40 cells are viable, although they display quite severe phenotypes, such as slow growth with prolonged cell cycle progression, hypersensitivity to DNA damaging agents, defects in intra-S phase checkpoint regulation, and chromosomal instability . Taken together, this evidence suggests that functional N/M/R complex formation is likely to be essential not only for embryogenesis but also for cell growth.
The expression pattern of Nbs1 during murine development also suggests an essential role of Nbs1 in recombination and cell proliferation. In adult mice, Nbs1 is highly expressed in tissues such as testis, thymus and spleen (Matsuura et al., 1998a) , where genetic recombination takes place during meiosis and TCR/immunogloburin rearrangement. This is consistent with NBS1 having an essential role in meiotic recombination, as demonstrated by the infertility of NBS patients. It is known that ATM kinase, which phosphorylates NBS1, is localized at synaptic regions of chromosomes at pachytene during meiosis (Keegan et al., 1996) . Therefore, NBS1 seems to be involved in the ATM-dependent regulation of the N/M/R complex for appropriate recombination processes during meiosis, in a similar manner to that for DNA repair. This prediction is consistent with the observed defect in regulation of meiotic recombination in yeast Xrs2 mutants (Ohta et al., 1998) . Furthermore, enhanced expression during development is found in other tissues, such as the subventricular layer of the telencephalon and diencephalons, striated and smooth muscle cells, and in various organs including liver, lung, kidney, and gut (Wilda et al., 2000) . These organs and tissues involve cells in which DSBs are occurring physiologically or in cells with high proliferative NBS1 and genome stability H Tauchi et al activity. Thus, NBS1 expression during embryogenesis and phenotypes of NBS patients suggest that NBS1 acts in multiple pathways, such as cell growth, meiotic (and mitotic) recombination and in V(D)J recombination.
Gene and protein structures of NBS1/hMRE11/hRAD50
The NBS1 gene contains 16 exons encompassing more than 48 979 bps of genomic sequence on chromosome 8q21. Three gene neighbors are located near NBS1, including 2,4-dienoyl CoA reductase (DECR), calbindine (CALB1), and a gene of unknown function, C8orf1/HT41, in a tail-to-tail orientation with NBS1 . The human NBS1 gene is transcribed as two mRNAs of 2.6 and 4.8 kb, which differ in the lengths of their 3'-untranslated region, whereas mouse NBS1 is transcribed as a single mRNA of 2.8 kb (Wilda et al., 2000) . The human NBS1 protein consists of 754 a.a., and shows three functional regions: at the N-terminus (1 -196 a.a.), a central region (278 -343 a.a.) and the Cterminus (665 -693 a.a.) (Matsuura et al., 1998a; Varon et al., 1998; Carney et al., 1998) (Figure 1 ). A weak (29%) homology to yeast Xrs2 protein (Xrs2p) was firstly recognized at the N-terminal sequence. This region includes a fork head-associated (FHA) domain (24 -108 a.a.) and a BRCA1 C-terminus (BRCT) domain (108 -196 a.a.). FHA and BRCT domains are often found in eukaryotic nuclear proteins that are involved in cell-cycle checkpoints or DNA repair. The yeast BRCT domain has not been identified in budding yeast but is conserved in fission yeast. The FHA domain is believed to be a phospho-specific proteinprotein interaction motif that recognizes phosphorylation of the target protein (Durocher et al., 2000) . We demonstrated that the FHA/BRCT domain directly binds to histone g-H2AX, the form of H2AX phosphorylated by ATM in the presence of DSBs , and recruits the N/M/R complex to the vicinity of sites of DSBs. This is consistent with the observation that BRCA1 and TOPBP1 lacking the BRCT domain fail to form foci The C-terminal region of NBS1 binds to the M/R complex. The amino acid sequence at the NBS1 Cterminus shows no homology with any known protein (including yeast Xrs2p), except for the well-conserved 10 amino acids at the hMRE11-binding region ( Figure  1 ). This is in sharp contrast to hMRE11 and hRAD50, because their amino acid sequences are widely conserved in eukaryotes from yeast to mammals. In addition, homologs of NBS1 (or Xrs2p) in bacteria and plants are unknown (Daoudal-Cotterell et al., 2002) , although plants and certain archae bacteria (e.g. Pyrococcus furiosus), do have homologs of hMRE11 and hRAD50 (Hopfner et al., 2000) . This difficulty in finding potential homologs of NBS1 could be due to its diversity of amino acid sequence. The diversity of NBS1 amino acid sequence is also seen in several higher vertebrates. For example, the central 270 amino acids (residues 360 -630) of chicken Nbs1 shows only 33% homology to human NBS1, although the Nterminal 360 amino acids and C-terminal 124 amino acids are still conserved (with 62% homology between chicken and human) .
Several SQ motifs, consensus sequences of phosphorylation by ATM or ATR kinases, are found at the central region of NBS1. In particularly, the serine residues at 278 and 343 are phosphorylated by ATM kinase in response to ionizing radiation both in vitro and in vivo, and such phosphorylation is responsible for intra-S phase checkpoint control (Lim et al., 2000; Zhao et al., 2000; Wu et al., 2000a) . Therefore, the central region of NBS1 functions in signal transduction for damage response. These serine residues are well conserved in vertebrates , although serine 278 is substituted by threonine in mouse Nbs1 and no phosphorylation sites have been identified in yeast Xrs2p.
Seven mutations of NBS1 have been found in NBS patients, and their mutation sites are restricted to the central region (Varon et al., 1998; Resnick et al., 2002; Maraschio et al., 2001) . Among these mutations, the founder mutation 657del5 causes the largest truncation Figure 2 Functions of NBS1 in a two-step binding mechanism for DNA repair and checkpoint control. The hMRE11/hRAD50 (M/R) nuclease complex with V-like architecture is recruited to sites of DSBs by a two-step mechanism, although it is confined to the cytoplasm in the absence of NBS1. Firstly, NBS1 recruits the M/R complex to the vicinity of DSBs through interaction of the FHA/BRCT domain with histone g-H2AX, which is phosphorylated by ATM in the presence of DSBs. In the second step, N/M/R complex could switch to direct binding to damaged DNA, mediated by the DNA-binding region of the M/R complex, and initiate HR repair (the complex is not essential for NHEJ in vertebrates, see text). To facilitate DNA repair, ATM regulates S phase checkpoint (RDS) and G2 checkpoint by phosphorylation of SMC1 and CHK2. NBS1 is involved in these phosphorylations and checkpoint controls, possibly as a signal modifier NBS1 and genome stability H Tauchi et al of the NBS1 protein by insertion of a premature termination signal at codon 219. The other six mutations were found between codons 233 and 385 and these cause premature protein truncation downstream of the FHA/BRCT domains (Figure 1) . However, abbreviated polypeptides of both N-terminal and C-terminal NBS1 are weakly expressed in NBS patient cells with the 657del5 mutation (Maser et al., 2001a) . The N-terminal protein is 26 kDa and the Cterminal peptide is approximately 70 kDa (Figure 1 ). The C-terminal 70 kDa protein is produced by internal translation initiation and has the ability to interact with hMRE11, which could be crucial for embryogenesis and cell growth. This evidence may explain the reason why embryonically-viable NBS1 mutations in patients are found in the limited region from exon 6 to exon 10. NBS1 forms a complex with hMRE11 and hRAD50 (the N/M/R complex) (Carney et al., 1998) . hRAD50 is a member of the structural maintenance of chromosome (SMC) protein family and has two ATPase motifs at its N-and C-terminal ends (D'Amours and Jackson, 2002). hRAD50 could form an anti-parallel homodimer with a flexible hinge region that may adopt a 'V-like' conformation (Hopfner et al., 2002) (Figure  2 ). hRAD50 probably binds to both DNA ends and holds them in close proximity. As a catalytic subunit of the complex, hMRE11 has phosphoesterase motifs in its N-terminal half, and possesses several biochemical properties, such as 3' -5' double-stranded DNA exonuclease, single-stranded DNA endonuclease and DNA unwinding activities (Paull and Gellert, 1999) . hMRE11 seems to bind as a dimer at the end of hRAD50 and hence, the extent of nucleotide degradation is restricted by the 'V-like' structure of hRAD50 (Figure 2 ). NBS1 is a regulatory subunit of the N/M/R complex, involved in localization (Dong et al., 1999) , signal transduction and catalytic activation (Mirzoeva and Petrini, 2001; Desai-Mehta et al., 2001) . In NBS1, a critical domain for hMRE11-binding is found at the C-terminus . Functional complementation analysis suggests that this domain is essential for both normal radiation sensitivity and nuclear localization of the N/M/R complex, in a process known as nuclear foci formation. The M/R complex is confined to the cytoplasm in the absence of NBS1. NBS1 has three potential nuclear localization signals (NLSs) at amino acid residues 461 -467, 590 -594, and 751 -754. Deletion of the NLSs at 590 -594 and 751 -754 or at 461 -467 alone does not affect nuclear localization of NBS1 itself and hence, these NLSs seem to be redundant in their functions.
Indispensable role of NBS1 in vertebrate homologous recomination
It is obvious that NBS1 protein has a crucial role for DSB repair, because it regulates the N/M/R complex for localization to damage sites and for nuclease activity. There are at least two pathways to rejoin DSBs; namely NHEJ and HR repair. Proteins for NHEJ (such as Ku70/80, DNA-PKcs, XRCC4, and DNA ligase IV) and proteins for HR (such as RAD51, RAD52, RAD54) are highly specific for each DSB rejoining pathway, while the yeast Xrs2p complex (X/ M/R complex) is involved in both pathways (Haber, 1998) . The yeast Xrs2 mutant displays hypersensitivity to ionizing radiation, due to insufficient NHEJ and HR activity, as well as deficiency in meiotic recombination (Ohta et al., 1998) . Our recent study using higher vertebrate cells showed that Nbs1 functions in HR repair rather than NHEJ. We established the Nbs1-deficient chicken DT40 cell line, which is viable in contrast to Nbs1-null mouse cells. The chicken Nbs1-disrupted cells show dramatic reduction in mitomycin C-induced sister chromatid exchange (SCE). This is quite similar to the phenotypes of other mutants deficient in HR proteins, such as Rad54 and Rad51 paralogs Takata et al., 2000) . It is also observed that HR-mediated target integrations at specific loci are dramatically reduced in Nbs1-deficient chicken cells, and HR events quantitated using the SCneo reporter gene assay are reduced approximately 100-fold . This is consistent with the recent observation that H2AX knockout mice, impaired in recruitment of NBS1, are defective in meiotic recombination and HR repair (Celeste et al., 2002; Bassing et al., 2002) .
On the other hand, we observed that NHEJ events are indistinguishable from those of wild type DT40 cells, indicating that Nbs1 is not essential for conventional NHEJ. This is supported by evidence that V(D)J recombination, which is known to be mediated by NHEJ, is quite normal in NBS patients (Harfst et al., 2000) . The N/M/R complex is required for Ig class switch recombination (Pan et al., 2002; van Engelen et al., 2001; Petersen et al., 2001 ) and this might provide us with an explanation of why NBS patients are immunodeficient. The class switch pathway is mediated by NHEJ proteins (Manis et al., 2002) and also includes the mismatch-repair proteins such as Mlh1, Msh2 and Pms2 (Ehrenstein et al., 2001 ). Therefore, it is possible that class switch recombination impaired in NBS patients might be associated with mismatch-repair deficiency, since mismatch repairdeficient cancer exclusively showed the reduced expression of N/M/R complex and abrogation of their foci formation (Giannini et al., 2002) .
Although the N/M/R complex is not essential for NHEJ, data obtained with Nbs1-mutant mice suggest indirect involvement of Nbs1 in V(D)J recombination. When V(D)J recombination occurs at TCR-b and/or TCR-g loci, inter-chromosomal V(D)J recombination is increased in Nbs1-mutant mice, compared with that of normal mice, whereas intra-chromosomal recombination is not significantly affected (Kang et al., 2002; Williams et al., 2002) . This is consistent with the frequent chromosomal translocations observed at TCR loci in NBS patients. These findings suggest that NBS1 plays a role in recognizing proper elements of the V(D)J recombination by suppression of inter-chromosomal recombination. This suppressive role of NBS1 in NBS1 and genome stability H Tauchi et al inter-chromosomal recombination is also observed in HR events (Johnson and Jasin, 2000) . We observed significant inter-chromosomal recombination in Nbs1-deficient cells when HR repair activity was examined using the SCneo reporter gene assay . In yeast, Xrs2-mutants also showed about 100-fold higher chromosomal rearrangement frequencies, compared to that of yRad52 or yKu70 mutants. Formation of these rearrangements may involve the initiation of break-induced replication (BIR) using another chromosome as template (Chen and Kolodner, 1999) . It is known that SMC-family proteins are involved in bridging of distal sites on DNA, such as cohesion between chromatids or condensation of DNA. Therefore, hRAD50, an SMC-like protein, binds to DNA-break ends and could tether linear DNA at sites of DSBs (de Jager et al., 2001; Hopfner et al., 2002) . Thus, NBS1 seems to be essential for suppression of inter-chromosomal NHEJ and HR through N/M/R complex formation and abrogation of the complex could cause genomic instability, such as translocations, as observed in NBS cells.
NBS1 in cell-cycle checkpoint control
NBS cells exhibit defects in cell-cycle checkpoints after exposure to ionizing radiation or treatment with radiomimetic drugs, while some of the regulatory mechanisms remain to be established. One of the well-characterized checkpoint defects is RDS, originally characterized in AT cells, in which NBS cells continue DNA replication in the presence of radiation-induced DNA damage (Painter and Young, 1980) . RDS is due to the failure of the intra-S phase checkpoint, and recently it has been demonstrated that RDS is mediated by two parallel pathways. The first involves three key proteins, ATM, NBS1 and SMC1, where SMC1 is phosphorylated in response to agents causing DNA damage, such as ionizing radiation, hydroxyurea and UV (Yazdi et al., 2002; Kim et al., 2002a) . However, this phosphorylation does not occur in both NBS cells and AT cells after exposure to radiation, since serines 957 and 966 of SMC1 are the substrates for ATM kinase and this phosphorylation requires the phosphorylation of NBS1 on both serines 278 and 343. The latter residues are also substrates for ATM kinase (Zhao et al., 2000; Yazdi et al., 2002) . These observations clearly indicate that both ATM and NBS1 are involved in intra-S phase checkpoint controls through the phosphorylation of SMC1. Phosphorylation of SMC1 may interfere with the function of cohesin between the template and the sister chromatid undergoing replication. The second pathway of intra-S phase checkpoint is mediated by CHK2 and CDC25A. CHK2, a cell-cycle checkpoint kinase, is phosphorylated by ATM in response to ionizing radiation (Matsuoka et al., 2000) . This activation of CHK2 then phosphorylates CDC25A (Falck et al., 2001) and as a result, decreased kinase activity of CDK2 after CDC25A phosphorylation gives rise to arrest at S phase. However, phosphorylation of both CHK2 and CDC25A after irradiation are normal in NBS cells (Falck et al., 2002) . Thus, the intra-S phase checkpoint is regulated by two parallel pathways; the NBS1-dependent ATM/SMC1 branch and the NBS1-independent ATM/CHK2 route. This model seems to explain why NBS cells show intermediate RDS in comparison to normal and AT cells.
ATLD cells, mutated at the hMRE11 gene, also show RDS and hence, hMRE11 is involved in intra-S phase checkpoint control (Stewart et al., 1999) . Furthermore, ATLD cells display normal activation of the ATM/CHK2/CDC25A pathway after exposure to ionizing radiation (Falck et al., 2002) , suggesting that hMre11 may be involved only in the ATM/NBS1/ SMC1 pathway for intra-S phase checkpoint control, as observed in NBS cells. In contrast to the observation in vertebrates, yeast Mre11-mutant cells display defects in phosphorylation of yRad53 (the yeast homolog of CHK2) after treatment with bleomycin and hydroxyurea and hence, yeast intra-S phase checkpoint could be regulated by Mec1/yRad53 (ATR/CHK2 homologs) pathway (Grenon et al., 2001; D'Amours and Jackson, 2001) .
X/M/R-mutant cells are also defective in radiationinduced phosphorylation of yRad53 and yChk1, both of which are known to be key regulators of the G1 and G2 checkpoints in response to DNA damage. The functional mutation of yMre11 disturbs both G1 and G2 arrest after exposure to ionizing radiation, implying the involvement of the X/M/R complex in G1 and G2 checkpoint control (Grenon et al., 2001) . Similar to yeast, NBS1 could be involved in G1 checkpoint control (Jongmans et al., 1997; Matsuura et al., 1998b; Yamazaki et al., 1998; Antoccia et al., 1999) and G2 checkpoint regulation (Buscemi et al., 2001; Williams et al., 2002) after exposure to ionizing radiation. However, these defects in NBS cells are partial in nature, as is the case for intra-S phase checkpoints, so that the role of NBS1 in G1 and G2 checkpoint integrity has remained controversial. A possible explanation for this partial deficiency is the redundancy of checkpoint control in vertebrates. This is exhibited by the evidence that impairment of the G2 checkpoint is due to the delay in CHK2 phosphorylation and the introduction of full length NBS1 into NBS cells restores this delay to the level of wild type cells (Buscemi et al., 2001) . On the other hand, Girard et al. (2002) demonstrated dose dependence for these checkpoint controls. Defects in the G1 checkpoint and also in the induction of p53/p21 are observed in NBS cells exposed to low doses, but these are not apparent in cells exposed to high doses of ionizing radiation. Since in vitro activity of ATM kinase is normal in NBS cells, ATM may require the NBS1 complex for efficient phosphorylation of ATM kinase substrates, such as p53 and CHK2, under conditions of low-dose DNA damage. It is reasonable to suppose that the NBS1 complex modifies the ATM-dependent signal at low radiation doses and efficiently transduces signals even for a single DSB in a cell, which could NBS1 and genome stability H Tauchi et al otherwise cause severe detrimental effects if not correctly detected or repaired for checkpoints.
DNA replication
The N/M/R complex forms foci in response to radiation-induced DSBs, however the foci are still observed in non-irradiated cells. These foci are formed during S phase and colocalize with foci of PCNA, a protein specific for DNA replication (Maser et al., 2001b) . NBS1 could have an important role at stalled replication forks in order to facilitate DNA replication, because these foci appear when the progression of replication forks is inhibited in UV-exposed XP variant cells (Limoli et al., 2002) . This replication arrest could yield DSBs, as revealed by g-H2AX foci formation at sites of stalled replication forks. The N/M/R complex might be recruited to such sites of DSBs by ATRdependent phosphorylation of H2AX at S phase. In fact, ATR kinase-deficient cells cannot form both g-H2AX and N/M/R foci (Franchitto and Pichierri, 2002; Ward and Chen, 2001 ). This evidence suggests that DNA replication in vertebrates generates potentially lethal DSBs, and thereby growth arrest or impeded growth is induced in the absence of the N/ M/R complex, as observed in chicken NBS cells and NBS1-null mouse cells. On the other hand, ATR-dependent foci were not formed in fibroblast cells from patients with Bloom Syndrome (BS), while cells from normal individuals form foci after exposure to hydroxyurea (Franchitto and Pichierri, 2002) . BLM, the gene underlying BS, seems to be essential for recruitment of the N/M/R complex to sites of stalled replication forks. This evidence implies that the high frequency HR observed in BS cells, detected as elevated levels of SCE events, is N/M/R complex-independent. Consistent with these findings, double-knockout Blm(7/7) Mre11(7/7) chicken DT40 cells reveal only a slight additive effect for induction of SCE, compared to that of singleknockout Blm(7/7) cells. Thus, the products of genes underlying both genetic instability syndromes seem to function in the same pathway to facilitate DNA replication.
Phosphorylation of H2AX and interaction with NBS1
Rogaku et al. (1998) reported that the serine residue of the SQ motif in the C-terminus of H2AX becomes phosphorylated and g-H2AX foci are formed in response to radiation-and chemically-induced DSBs. DNA at interphase is packed as a nucleosome structure with histone, a tetrameric complex of H2A, H2B, H3 and H4 subunits. The bulk of mammalian H2A is encoded by 11 genes, which produce ten variants of H2A1 and one of H2A2, with subtle sequence differences of unknown differential functions. There are five other minor human H2A genes; namely H2AX, H2AZ, macroH2A1, macroH2A2 and H2A-Bbd, whose sequences differ considerably from the major H2A sequences Modesti and Kanaar, 2001 ). H2AX, identified in the 1980s, constitutes the greater proportion of human H2A protein and contains a C-terminal region longer than those of other H2A species. An SQ motif, a putative phosphorylation site of PI-3 kinases such as ATM, ATR and DNA-PK, is found at the fourth residue from this Cterminal end and the region is highly conserved from yeast to humans.
g-H2AX phosphorylation and foci formation are apparent within a few seconds after irradiation and reach a maximum in 10 -30 min, followed by their degradation, with a half-life of about 2 h . One DSB induces the phosphorylation of 0.03% of the total cellular H2AX, which corresponds to 2 Mbp of chromatin . H2AX phosphorylation was strongly inhibited by wortmannin, an inhibitor of PI-3 kinases. Consistent with this observation, the human astrocytoma cell line M059J, deficient in DNA-PK and partially so in ATM, is defective in g-H2AX formation after irradiation. In mice, Atm knockout cell lines are severely impaired in g-H2AX formation, but a detectable amount of H2AX is still phosphorylated (Burma et al., 2001) . These data imply that ATM mainly phosphorylates H2AX in response to irradiation and that DNA-PK might act as a supplemental kinase for this phosphorylation. On the other hand, DSBs are also induced by hydroxyurea, which abrogates DNA replication and hence, the effects are specific for S phase. Since ATR kinasedeficient cells cannot form g-H2AX foci, ATR could be the main kinase for this H2AX phosphorylation at S phase (Ward and Chen, 2001) .
Recently, NBS1 foci formation has been reported to colocalize with that of g-H2AX . Since the C-terminus of histone H2AX is exposed on the exterior as a tail, this region could have a crucial role for interaction with repair factors and chromatin re-modeling. In budding yeast, serine 129 of yeast H2A, the homolog of mammalian H2AX, is phosphorylated by Mec1 and Tel1 (homologs of ATR and ATM). When constitutive phosphorylation was mimicked by substitution of serine 129 with glutamate, this yeast mutant exhibited de-condensation of chromatin (Down et al., 2000) . Therefore, the phosphorylation of H2AX possibly modifies chromatin to allow access by repair factors for rejoining of DSBs. In fact, g-H2AX physically interacts with the N/M/R complex by binding of NBS1 to g-H2AX . This is confirmed by the evidence that interaction of NBS1 with g-H2AX and formation of NBS1 foci were strikingly inhibited when the epitope of g-H2AX was masked by introduction of anti-g-H2AX antibody to normal cells, and NBS1-binding to g-H2AX was also delayed in irradiated AT cells, ATM kinase-deficient for H2AX phosphorylation. As a result, ATM regulates the recruitment of N/M/R complex to the vicinity of DSBs by phosphorylation of H2AX. This might be one reason why AT cells, NBS cells and ATLD cells share the common cellular NBS1 and genome stability H Tauchi et al features, although we cannot neglect the evidence that NBS1 links to ATM as a substrate of ATM kinase.
Telomere maintenance NBS1 shows sequence homology to the yeast protein Xrs2, which functions in both DNA repair and telomere maintenance. Xrs2 is involved in at least two pathways for yeast telomere elongation (de Lange, 2002; D'Amours and Jackson, 2002) . Firstly, yeast Xrs2 generates 3'-ssDNA, a so-called G-strand, which is essential for serving as a replication primer for telomere elongation by yeast telomerase. The Xrs2 mutant has short G-strands and as a result, telomere length is shortened during replication and followed by growth arrest. Secondly, Xrs2 is involved in yRad52-dependent recombination for telomere elongation. Telomerase-negative cells undergo growth arrest after severe reduction in telomere length, but some clones can survive with normal-length telomeres (the so-called Type II survivor) by recombination with other chromosome ends. This process is dependent on Xrs2 and yRad52, but not on yRad51.
In vertebrates, AT is clinically categorized as premature aging syndrome, and primary cells from the patients display accelerated telomere shortening during replication (Metcalfe et al., 1996) . Although the clinical observation of premature aging is not observed in NBS, blood cells from NBS patients similarly have the reduced telomere length (Ranganathan et al., 2001) and primary cells from skin fibroblast of these patients show accelerated telomere shortening during in vitro growth. The reduction of telomere length in NBS cells, approximately 220 -260 bp/replication, is comparable with that of AT primary cells (unpublished data). Consistent with this abnormal telomere maintenance in NBS cells, NBS1 physically interacts with the telomerebinding proteins, TRF1 and TRF2, at mammalian telomeres Wu et al., 2000b) . This interaction is detected only at early S phase when telomere elongation occurs, whereas the M/R complex binds to TRF2 throughout the cell cycle, suggesting that NBS1 functions in telomere replication after formation of the N/M/R complex, similar to that described for DNA repair. On the other hand, telomere length in NBS cells is restored to the normal level only after co-expression of NBS1 with hTERT (Ranganathan et al., 2001) . This evidence implies that the role of NBS1 in telomere maintenance is to generate Gstrands (telomeric 3'-overhang), and hTERT could replicate the telomeres by using this G-strand as a primer. Although this mechanism is similar to yeast telomere replication, the specific reduction of G-strands has not been identified in NBS cells. In contrast to yeast cells, in mammals, the G-strand invades the duplex telomeric repeat tract to create a stable duplex loop at the telomere end (t-loop). For telomere replication, opening and closing of the t-loop must be regulated (de Lange, 2002) . Therefore, another possible role of the N/M/R complex is resolution of the t-loop by resection of the G-strand using the inherent 3'-exonuclease activity.
NBS cells are defective in protection from telomeric degradation, possibly by aberrant telomere maintenance, and unstable telomeres bind to telomere ends of other chromosomes. Consequently, telomeric fusions are frequently observed in NBS, similar to AT cells (unpublished data). It is possible that telomeric fusion occurs by end joining through micro-homology directed recombination, not by conventional NHEJ, since Ku(7/7) and DNA-PK(7/7) cells also produce this type of aberration. In vitro reconstitution of this type of recombination using cohesive-ended DNA fragments requires N/M/R complex (Huang and Dynan, 2002) . This recombination process could be largely mediated by hMRE11, because hMRE11 possesses activity for annealing of complementary single-stranded DNA molecules (de Jager et al., 2001) . Therefore, telomeric fusion potentially occurs throughout the cell-cycle, since hMRE11 is present at telomeres during interphase, whereas NBS1 binds to telomere only during S phase. Telomeric fusion is transmitted to progeny cells by breakage fusion-bridge cycles, leading to chromosome instability (Lo et al., 2002) .
Implication in carcinogenesis
The ATM gene is involved in the pathogenesis of B-cell chronic lymphocytic leukemia (B-CLL), and T-cell prolymphocytic leukemia (T-PLL) (Vorechovsky et al., 1997; Stilgenbauer et al., 1997; Bullrich et al., 1999) . These findings clearly indicate that the ATM gene is indeed a tumor suppressor. NBS is characterized by a high incidence of lymphoid cancers, most of which are of B-cell origin, and NBS and AT are indistinguishable at the cellular level. These features suggest that NBS1 is also a tumor suppressor gene in sporadic lymphoid cancers. To address this question, potential mutations in the NBS1 gene were screened in a series of twenty B-cell lymphomas by sequencing. No mutations were detected in any of these samples (Hama et al., 2000) . Stumm et al. (2001) also screened a series of eight B-and T-cell lymphomas, including one B-cell lymphoma and two T-cell lymphomas with structural abnormalities of 8q, for deletions of the NBS1 gene by FISH. None of the tumors showed deletion of the NBS1 gene. These results suggest that alteration of the NBS1 gene is not a major cause of carcinogenesis in Bor T-cell lymphomas.
In contrast, Varon et al. (2001) identified missense mutations in the NBS1 gene in childhood acute lymphoblastic leukemia (ALL) patients. Leukemic cell samples from 47 children with ALL were screened for mutations in the NBS1 gene and, in seven of them, four novel amino acid substitution, S93L, D95N, I171V and R215W were detected. Amino acid substitutions S93L and D95N occur in the FHA domain of the NBS1 protein, and I171V is located in the BRCT domain, which might be involved in protein -protein interactions. In addition, the D95N and I117V substitutions were located at conserved amino acids in the FHA and BRCT domains. These findings suggested that these three substitutions might be causative mutations in the pathogenesis of childhood ALL. On the other hand, the R215W substitution was considered a polymorphism, since this replacement was also observed in normal individuals. Out of three mutations, the I171V substitution may be the most important, since germ-line origin of the I171V mutation was confirmed in as many as three patients. No additional mutations were found on the second allele in any of these leukemic cell samples, suggesting that a possible mechanism leading to the inactivation of the NBS1 gene in ALL could be that of a dominant negative effect of the missense mutation. Taken together, these data make it evident that the NBS1 gene represents a susceptibility factor in the pathogenesis of childhood ALL. Giannini et al. (2002) identified a splicing defect of hMRE11 in colorectal cancer cells, which was caused by homozygous mutation in the poly(T)11 repeat within intron 4. This mutation was found in 5 of 10 colorectal cancer cell lines and also in 15 of 29 colorectal cancer primary cells. This mutation was found exclusively in mismatch repair-deficient, but not proficient, cancer cells. Since the mutation reduces the expression of the N/M/R complex, functional impairment of this complex contributes to the development of colorectal cancer through defects in mismatch repair.
A number of epidemiological studies demonstrated that AT heterozygous carriers have increased risks of breast cancer. By this analogy, it has been hypothesized that heterozygous carriers for NBS1 mutations may also be predisposed to the development of cancer. Seemanova (1990) first described that blood relatives of NBS patients may have an increased risk of malignant tumors. Several recent studies are in support of this suggestion. In spite of this, studies of patients with breast cancer or patients with non-Hodgkin's lymphoma have failed to confirm the findings in families with NBS (Carlomagno et al., 1999; Stanulla et al., 2000) . Therefore, it is still an open question as to whether NBS1-defective gene carriers have an elevated cancer risk.
Two-step binding mechanism for DNA repair
Human cells are able to detect and correctly repair a single DSB generated in a background of 3610 9 bp of the genome. It has not yet been characterized how NBS1 accurately recognizes DSB and recruits the N/ M/R nuclease complex to the damaged site shortly after irradiation. We propose a two-step binding model for recognition of DNA damage, in which NBS1 recruits N/M/R complex firstly to histone in the vicinity of damaged sites and secondly the complex switches to bind directly to damaged DNA. Celeste et al. (2002) indicated that mouse cells lacking histone H2AX were impaired in recruitment of NBS1, 53BP1, and BRCA1, but not hRAD51 to damaged DNA. There may be at least two classes of repair proteins, which form foci at sites of DSBs; proteins containing the BRCT domain, such as NBS1, 53BP1 and BRCA1, and those such as hRAD51, which directly binds to DNA but has no BRCT domain. NBS1, the first type of protein containing no DNAbinding region, binds to g-H2AX, rather than damaged DNA, via the FHA/BRCT domain and accumulates as foci in the vicinity of damaged sites. The direct binding of NBS1 to g-H2AX is confirmed by in vitro experimental work, which demonstrates that a recombinant FHA/BRCT domain of NBS1 is coimmunoprecipitated with a recombinant g-H2AX . Therefore, NBS1 can bind to g-H2AX in the absence of the interaction with hMRE11/hRAD50 or BRCA1, and NBS1 lacking FHA or BRCT domains fails to interact with g-H2AX. This is also observed in the breast cancer cell line HCC/1937, in which the BRCT domain is truncated, and also in cells lacking the fifth BRCT domain of TOPBP1, while both cells fail to form BRCA1 or TOPBP1 foci after irradiation Yamane et al., 2002) . Thus, BRCT domaincontaining proteins such as NBS1, BRCA1 and 53BP1 appear to interact with histone independently, since BRCA1 and 53BP1 foci formation was not affected by the absence of NBS1 (Schultz et al., 2000) and (vice versa), NBS1 foci were formed without BRCA1 foci. Similarly, other factors known to recognize DSBs, including Ku, PARP and ATM aggregate at g-H2AX in the vicinity of damaged sites (Kim et al., 2002b) , enabling physical interaction with each other. Such interactions could facilitate DNA repair and cell cycle monitoring and hence, functional disruption of FHA/ BRCT domains may lead to genomic instability and carcinogenesis, clinical phenotypes displayed by patients with NBS and also familial breast cancer. Thus, instead of DSBs, g-H2AX distributed over more than 2 Mbp of genomic DNA is firstly recognized by NBS1 and then N/M/R complex is recruited to the vicinity of the damaged DNA. In the second step, the complex might switch to direct binding to damaged DNA, mediated by the DNA-binding region of M/R complex. This two-step machinery for recognition of DNA damage makes it possible for a cell to accurately repair a single DSB (Figure 2 ).
Conclusion
Recent studies of genes underlying human diseases characterized by cancer susceptibility and chromosome breakage, such as Fanconi anemia (Taniguchi et al., 2002) , BS (Beamish et al., 2002) , AT and NBS (Zhao et al., 2000; Lim et al., 2000) , demonstrate the molecular links between their respective gene products. These proteins are phosphorylated by ATM kinase in response to DNA damage, and regulate the intra-S phase checkpoint. Among them, NBS1 sheds much light on the understanding of DSB-induced genetic instability, since NBS1-mutated cells respond to DSBs NBS1 and genome stability H Tauchi et al and are radiation sensitive. NBS1 is a repair protein, which recruits the N/M/R complex to sites of DSBs and initiates DNA repair, predominantly by HR. To facilitate DNA repair, NBS1 is orchestrated with cellcycle checkpoints, such as intra-S phase checkpoint and G1 and G2-checkpoints, whose dysfunction reduces the fidelity of DNA repair. NBS1 is also involved in maintenance of telomeres, DSB-like structures, and defects here can cause telomeric fusion, which is also an important factor for genomic instability. Moreover, NBS1 normally functions at stalled replication forks and impairment can cause growth arrest or slow cell growth. These multiple roles of NBS1 in genomic stability could have arisen from physical interactions of NBS1 with several repair factors, including proteins involved in HR and checkpoint signals, at histones in the vicinity of damaged DNA. In the two-step binding model, repair proteins containing FHA and/or BRCT domains firstly recognize g-H2AX, rather than damaged DNA, and interact with each other by clustering at histones.
It is known that ionizing radiation induces leukemia and several solid tumors, as observed in A-bomb survivors at Hiroshima and Nagasaki. Genetic instability could be a major factor for this carcinogenesis, since high frequency chromosome aberrations are also observed in these survivors. Here, we demonstrated that NBS1 is strongly linked to factors involved in genome integrity and also to products of genes underlying genetic instability syndromes, such as AT and BS. Further studies on NBS1 will make it possible to further understand the mechanisms of radiationinduced carcinogenesis and the network of these factors stabilizing DSB-induced genomic stresses.
